Driving Purkinje fibers at a fast rate is followed by a temporary suppression of spontaneous activity, "overdrive suppression." The mechanism of this suppression was studied in Purkinje fibers perfused in vitro and stimulated for variable periods of time at selected rates. The overdrive procedures caused an initial decrease in maximum diastolic potential below control followed by a late increase above control. After the overdrive, the slope of diastolic depolarization was decreased and the threshold voltage more positive* these changes were responsible for the temporary suppression of spontaneous activity. After the cessation of 2-minute overdrive, the increase in maximum diastolic potential subsided gradually over a period of 2 to 5 minutes. At higher [K] o , the effect of overdrive on membrane potential was reduced. Substitution of Na + with Li + or exposure to 2,4-dinitrophenol abolished the late hyperpolarization during overdrive. The membrane resistance was not altered after an overdrive period. The results suggest that driving ventricular Purkinje fibers at a rate higher than their intrinsic rate causes an initial loss of K + and the activation of an electrogenic Na + pump. The activation of the electrogenic pump is the major mechanism responsible for overdrive suppression.
• Experimental evidence points to a timedependent fall in potassium conductance as the mechanism responsible for diastolic depolarization in Purkinje fibers (1) (2) (3) (4) . Conceivably, conditions may arise which modify the effect on membrane potential of the potassiumconductance fall. One such situation appears to be a sudden burst of activity. When a spontaneously active Purkinje-fiber preparation is driven at a rate higher than its intrinsic rate, the cessation of the drive is followed by a period of quiescence, "overdrive suppression" (5) (6) (7) . This phenomenon was first noted with atrial pacemakers (8-10). By recording transmembrane potentials, it has been shown that From the Department of Physiology, State University of New York Downstate Medical Center, Brooklyn, New York 11203.
This investigation was supported by U. S. Public Health Service Grant HE 10097 from the National Heart Institute, and by the American Heart Association. Dr. Vassalle is the recipient of an award from the Sinsheimer Foundation. Received-December 8, 1969 ; accepted for publication June 29, 1970. the temporary suppression of spontaneous activity in Purkinje fibers is due to a reduced slope of diastolic depolarization (5) (6) (7) .
The mechanism by which diastolic depolarization is modified by a fast drive has not been clarified. One possibility is that an accumulation of potassium outside the cell membrane might be responsible for the overdrive suppression, as proposed for atrial pacemakers by Lu et al. (10) . Another possibility should be considered. During fast drive, sodium influx must be increased in the unit of time. If the ionic composition of the cell interior is to be maintained over any length of time, the extra sodium ions which enter the cell during overdrive must be extruded. The mechanism by which sodium ions are extruded against an electrochemical gradient requires metabolic energy and it is usually referred to as sodium pump. The extrusion of Na + is usually linked to the uptake of potassium; however, the coupling ratio between sodium extrusion and potassium uptake is generally less than 1 (11, 12) . This implies that the metabolic mechadrculoiion Research, Vol. XXV11, September 1970 nism responsible for the Na + extrusion will increase the membrane potential above the potential level that would be present in the absence of this factor. Thus, an electrogenic pump may prevent the attainment of the threshold and cause overdrive suppression by shifting the time course of diastolic depolarization to more negative values.
The aim of the present investigation was to study the mechanism by which the pacemaker activity of Purkinje fibers is temporarily suppressed following a fast drive. Membrane potentials were recorded by means of microelectrodes and changes caused by overdrive at different rates and duration measured. The active extrusion of sodium was interfered with by substituting Na + with Li + and by exposing the preparations to 2, 4-dinitrophenol. Outside potassium concentration was varied for [K] o is expected to modify the effects of an electrogenic sodium pump on membrane potentials.
The results obtained suggest that overdrive suppression is caused by an electrogenic sodium extrusion and, also, that an accumulation of potassium outside the cell membrane contributes to the suppression under certain circumstances.
Methods
Ventricular Purkinje fibers from sheep hearts were initially used. When the slaughterhouse was moved to a different location, dog hearts were employed. The sheep hearts were carried to the laboratory in a cold (4°C) Tyrode's solution. The dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv) and the heart removed through a right thoracotomy. Strands of Purkinje fibers were excised from both ventricles and perfused in a tissue bath at 37°C with oxygenated (9735 O 2 and 3% CO 2 ) Tyrode's solution. The composition of the Tyrode solution in millimoles per liter was as follows: NaCl, 137; KC1, 5.4; CaCl 2 , 2.7; MgCl 2 , 1.05; NaHCO 3 , 11.9; NaH 2 PO 4 , 1.78; glucose, 5.55. In some experiments, the potassium concentration was increased by adding solid KC1. The rate of perfusion of the Tyrode solution was 60 to 80 drops/min. Transmembrane potentials were recorded by means of two glass mieroelectrodes of the Ling-Gerard type filled with 3M KC1. The tip of one microelectrode was inserted intracellularly and the other was immersed in the perfusing fluid. Measurements of relative membrane resistance were carried out by passing 100-msec pulses of anodal current through an additional intracellular microelectrode. The technique for measuring membrane resistance has been described in detail (13, 14) .
The recording apparatus consisted of a pushpull cathode-follower stage, a direct-coupled Tektronix Type 3A3 dual-trace differential amplifier, and a Tektronix model RM 565 dual-beam oscilloscope. A Grass stimulator model S4 and a stimulus isolation unit were employed to drive the preparations, and stimuli were delivered through a pair of silver electrodes located in close proximity of the fibers. The stimulus characteristics were 2 to 5 msec and 3 to 6 volts. The driving rates selected varied from 30 to 120 impulses/min; the stimulation was applied for different times as will be specified when appropriate. The oscilloscope trace was photographed on film with a Kymograph camera (Grass Instruments).
In 5.4 mM K Tyrode's solution, the preparations usually were not spontaneously active and were driven electrically at 30 impulscs/min. To study the effect of overdrive on the transmembrane potentials, the rate was suddenly increased up to 120 impulses/min. In other experiments, quiescent fibers were driven at different rates for 20 to 30 seconds. In 2.7 mM K Tyrode's solution, the fibers were usually spontaneously active and were electrically driven at rates up to 120 impulses/min {or a few seconds to 2 minutes. Sufficient time was allowed between runs for the spontaneous rate to return to control value. The metabolic poison 2,4-dinitrophenol (DNP) (Fisher Scientific Co.) was added to the Tyrode solution in the amount of 0.2 mM. In some experiments, lithium chloride (Fisher Scientific Co.) was substituted for NaCI in equimolecular amount.
Since no differences were found between dog and sheep Purkinje fibers in response to overdrive, the results obtained from both species were pooled. When an experimental run was repeated more than once, the results were averaged. During a 2-minute driving period, the maximum diastolic potential at first decreases below and then increases above the control value. The initial decrease and late increase of maximum diastolic potential with respect to control will be referred to as depolarization and hyperpolarization, respectively. The steady potential recorded during quiescence of a fiber will be referred to as resting potential. The maximal negativity recorded at the end of phase 3 of an action potential will be referred to as maximum diastolic potential (E ma J.
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of for different periods of time. Only the lower part of the action potentials is shown. The beginning of the upstroke is not seen. The final part of phase 3 repolariz a tion is seen as a vertical thin line, much as those during overdrive. The trace is thicker during diastolic depolarization. [K] = 2.7 M.
Results
EFFECT OF "SHORT" PERIODS OF OVERDRIVE ON MEMBRANE POTENTIAL
Action potentials showing the usual configuration (15) were recorded at the beginning of the procedures and then the amplification of the oscilloscope increased so that only the lower part of the action potential was visible on the screen. The record taken at this higher amplification was selected for the figures. In spontaneously active fibers, the short period of overdrive lasted a few seconds to 1 minute. An example of the results is shown in Figure 1 . In the top tracing, driving the preparation for 2.5 seconds at 120 beats/min caused the maxisearch, Vol. XXVII, September 1970 mum diastolic potential (E milx ) to decrease with each driven beat. After the end of the drive, there was a brief suppression of spontaneous activity (overdrive suppression). When activity resumed, the threshold was more positive and returned to control only after five spontaneous beats. The same phenomena are seen in the other panels. In the bottom panel, it is apparent that the fall in maximum diastolic potential was not maintained but returned toward control value by the end of the 1-minute drive; this behavior will be discussed below.
As shown in Figure 1 , overdrive suppression increased as the fiber was driven for progressively longer periods. In seven experiments, driving spontaneous fibers at constant frequency for progressively longer times caused in each experiment a progressively longer pause (Table 1 ). However, it will be noted that there is one exception among the values in experiment 3 and another in experiment 5.
SHORT DRIVES IN QUIESCENT FIBERS
A reason for the fall of maximum diastolic potential during the drive might have been AN accumulation of potassium outside-the cell membrane. This possibility is suggested also by the finding that in dogs with complete a trio ventricular block, driving the ventricles at a rate higher than the idioventricular rate leads to an increase in coronary sinus plasma potassium (16). This increase is larger when the driving rate is faster, suggesting that the fall in maximum diastolic potential should be larger the faster the driving rate. This point was tested by driving fibers quiescent in 5.4 mil K at different rates for 20 to 30 seconds. One example of this procedure is illustrated in Figure 2 . In each panel, the trace begins with the resting potential. The rate of stimulation in impulses per minute is indicated by the number on top of each panel. It is apparent that on stimulation the maximum diastolic potential decreased, and it decreased more when the rate of stimulation was faster. It is also apparent that, after the drive was disc6nfinued 7 Trie return of the potential toward control level was exceedingly slow VASSAL LE Spont. rate = spontaneous rate of the preparation before drive in beats/min. Drive rate = rate of drive in impulses/min. % increase over control cycle length = duration of the pause following overdrive expressed as a percent increase over the cycle length of the control; numbers on top of the four columns (15, 30, 60, 120) indicate the duration of drive in seconds.
*Value obtained with a drive duration of 150 seconds.
and it was slower the faster the drive. In an active fiber, this phenomenon would have led to overdrive suppression. The delayed return of the potential toward the resting value after the drive can also be related to an accumulation of potassium outside the cell membrane, since a higher concentration of potassium is known to increase potassium conductance (14, 17) . If this interpretation is correct, a stimulus applied early during the recovery from overdrive should elicit an action potential with an E max lower than that of the first action potential of the drive period; E ma x of action potentials elicited subsequently during recov-ery should progressively increase toward that of the first action potential of the drive period. This is demonstrated in Figure 3 , taken from the same experiment as Figure 2 . The first panel of Figure 3 is the control panel and shows the usual features described above. In the second panel, the drive was repeated but single shocks were applied during the recovery from the drive: E mox of the first action potential elicited at the beginning of the recovery was lower than that of the first action potential of the driving period and it increased progressively as action potentials were elicited later in the recovery period.
In five experiments, during the 30 impulses/ 1 20
IGC FIGURE 1
Effect of driving a quiescent fiber at different rates. In each panel the trace begins with a record of the resting potential. The preparation was then stimulated for 20 seconds at the rate indicated on top of each panel. After the end of the drive, the membrane potential wtwnud slowly toward the resting prestimulation level. min drive consistently there were no changes in maximum diastolic potential; during the 60 impulses /min drive E ma x f el l by 0.65 ± SE 0.25 mv at the end of the drive period. Three of the five preparations were also driven at 90 and 120 impulses/min and E,, mt Fell at the end of the drive by 1.27 and 1.02 mv, respectively. The resting potential before the stimulation was extrapolated into the recovery period and the difference between this extrapolated potential and the recovery period potential was measured 20 seconds after the end of the drive. The average membrane potential 20 seconds after the end of 30, 60, 90, and 120 impulses/min drives was still higher than control resting potential by an average of 0.53, 2.27, 4.37, and 2.17 mv, respectively.
MAXIMUM DIASTOLIC POTENTIAL AND IK:
In 2,7 and 5.4 mM K solutions, the membrane potential of quiescent fibers (E m ) is lower than the potassium equilibrium potential (EK). If the fiber is stimulated and an action potential follows, the maximum diastolic potential "undershoots" the resting potential, because of the full activation of the i K2 channel (4) . At [K] o = 10.8 mM , gK of a quiescent fiber is much higher (14) and, therefore, the ratio gNa:gK at rest is smaller. Under this condition, E m more closelyapproxî mates EK. If the action potential is associated with a net loss of potassium, in high potassium solution the diastolic depolarization may not only be abolished but actually reversed. An example of this behavior is given in Figure 4 . The horizontal traces are records of the resting potential in the three solutions selected. The fiber was stimulated once while in each solution; the last part of phase 3 and the "Long" overdrive and maximum diastolic potential.
subsequent phase 4 of the action potential are shown. While in the two lower potassium solutions there is a clear undershoot, in 10.8 mM K the repolarization process is abruptly slowed near the resting potential and then the fiber repolarizes at a slower rate. In four experiments of this type, the maximal difference between the resting potential and the "maximum diastolic potential" in 2.7, 5.4 and 10.8 mM K was + U.2±SE 0.7, +3.66±0.2 and -1.53 ±0.1 mv, respectively. The features shown in Figure 4 for the different [K] o were present in each of the four experiment s .
EFFECT OF "LONG" PERIODS OF OVERDRIVE ON MEMBRANE POTENTIAL
If the observations reported above are compatible with an increase in [K] outside the cell membrane as a consequence of fast drive, it is clear that this cannot be the only factor involved in overdrive suppression. Thus, the fall in maximum diastolic potential during overdrive was not maintained (Fig. 1 , bottom panel). This was more evident when the driving period was prolonged beyond 1 minute, for then the maximum diastolic potential increased above prestimulation level during the latter part of the drive (Fig. 5 ). This finding makes it doubtful whether an accumulation of potassium is maintained beyond 1 minute of overdrive. The doubt is strengthened by the fact that maximum diastolic potential of the first beat after drive was even higher than that at the end of the drive ( Table 2 ). This should be contrasted with the finding illustrated in Figure 3 . Results from five experiments showed a consistent early depolarization and late hyperpolarization. The early depolarization during over-drive was measured as the largest decrease with respect to the prestimulation control. The hyperpolarization was measured at the last action potential of the drive. The maximum diastolic potential of the first beat after the drive was also compared with the prestimulation control and found consistently to show an additional hyperpolarization ( Table 2) . The time required for the maximum diastolic potential to return to control value after a long overdrive in 5.4 mM K averaged 204 ± 30.1 seconds (range 119 to 280 seconds, seven experiments).
Diastolic depolarization which follows the last driven action potential proceeds first at a speed comparable to that of control and then it slows markedly (Fig. 5 ). The time course of diastolic depolarization after a period of drive was recorded at higher speed and it is shown in Figure 6 which was obtained by superimposing two different frames. The preparation TABU I Depol. = decrease in mv of E max during drive. Hyperpol. = increase in mv of E m0!t at end of drive above prestimulation E max . First beat = increase in mv of Em n ! t of the first beat after the end of drive above the prestimulation value. Diastolic depolarization after periods of drive at different frequency. The upper trace shows the maximum diastolic potential and the ensuing diastolic depolarization of the last action potential of a fiber driven at 30 impulses/min. The lower trace sh o ws the same parameters in the same fiber driven at 90 impulses/'min.
Effect of Overdrive on Maximum Diastolic Potential
was first driven at 30 impulses/min for 2 minutes and the diastolic depolarization following the last action potential was recorded (top trace). The same fiber was then driven at 90 impulses /min for the same period of time and again the diastolic depolarization of the last action potential was recorded (bottom trace). At 90 impulses/min, the action potential was shorter, but the maximum diastolic potentials were made to coincide in time. The figure shows that the 90 impulses/min diastolic depolarization begins at higher membrane potential and initially runs parallel to the 30 impulses/min diastolic depolarization. It is only later that the typical slowing in the rate of diastolic depolarization at the higher drive occurs, in agreement with the reported results (5, 7, 10) .
SUBSTITUTION OF SODIUM WITH LITHIUM
At this point it seems useful to outline the hypothetical events which might occur with overdrive. If it is assumed that overdrive enhances sodium influx and potassium efflux in the unit of time, the possibility should be considered that the potential changes found with overdrive might be the result of changes in the activity of an ionic pump. If there iŝ elay in the activation of the pump (18), a sudden increase in rate causes a net loss of Circulation Research, Vol. XXVII, September 1970 potassium to the extracellular space (16, 19) , and this, in turn, is responsible for the initial decrease of maximum diastolic potential. As the pump is stimulated by the accumul a tion of Na + inside the fiber (20) and the coupling of the sodium-potassium pump may not be 1:1 (11, 12), a hyperpolarization is brought about during the second minute of drive. After the cessation of the drive, the operation of the pump is still above control and the smaller net sodium current accounts not only for the higher maximum diastolic potential, but for the temporary stabilization of the latter part of diastolic depolarization at a high potential.
Since coronary potassium concentration falls below control after overdrive (16), it is possible that a fall in [K] o contributes to the former effect and counteracts the latter. As [Na] returns towards control values, the pump slowly decreases its activity. This, together with a fall in [K] o , allows the fiber to depolarize to threshold and the inhibition is terminated. As expected, the return to the original rate is quite gradual and it takes a period of minutes for the maximum' diastolic potential to return to control value after a 2minute drive period. Alternative explanations of the recorded events will be discussed later; in this section the experiments carried out to test the hypothesis outlined above will be reported. If the late hyperpolar ization during overdrive is indeed due to an electro genic extrusion of sodium, such hyperpolarization should be abolished by substituting Na + with Li + . This would be expected on the basis that lithium is a suitable substitute for sodium in the production of the spike (21), but it is not pumped out of the cell as easily as sodium (22) . An example of the effects of substituting sodium with lithium on the changes of membrane potential associated with overdrive is shown in Figure 7 . The fiber was stimulated at 30 impulses/min initially and overdriven at 120 impulses/min for 2 minutes; after the end of the overdrive, the 30 impulses/min stimulation was resumed. Lithium Tyrode's solution was perfused for a total of 6 minutes: during the first 2 minutes the fiber was driven at 30 impulses/min; during the following 2 minutes the fiber was driven at 120 impulses/ min; and during the last 2 minutes it was again driven at 30 impulses/min. The results of such a procedure are illustrated in the middle strip of Figure 7 . In lithium Tyrode's solution no hyperpolarization occurred; on the contrary, overdrive caused a more marked depolarization. After the end of the drive, the depolarization continued but at a slower rate. Restoration of sodium in the perfusing solution led to the reappearance of the usual pattern (bottom strip). It might be noted that in the control overdrive of Figure 7 , the initial depolarization is not present. In three experiments of this kind, during the control overdrive the fibers initially depolarized by an average 0.75 mv and later hyperpolarized by an average 3.08 mv. At the end of the first 2 minutes of exposure to lithium Tyrode's solution, the fibers depolarized in each instance (average 4.12 mv). At the end of the subsequent 2-minute overdrive period, a further depolarization (average 6.75 mv) consistently occurred. Figure  8 confirms this finding ; the acceleration was a constant finding and it was associated with a fall in maximum diastolic potential. Eventually, the fiber slowed once more and became quiescent. The fiber was still excitable for, as shown at the beginning of the next strip, it responded to electrical stimulation. After the end of dinitrophenol infusion, the resting potential increased slowly. During recovery, the first period of stimulation still did not cause changes in maximum diastolic potential, but the second caused a marked hyperpolarization, as if partial poisoning of the pump could be overcome by the activity of the fiber.
Different preparations were exposed to dinitrophenol for 6 to 23 minutes. The duration of the exposure depended on whether drive procedures were repeated. During the 0«Un KjHttrcli, Vsi XXVH, Scfltmhcr WO exposure to DNP, overdrive hyperpolarization disappeared as shown in Figure 9 . The fiber was driven at 30 impulses/min except during overdrive when it was stimulated at 120 impulses /m in. It is apparent that DNP prevented the hyperpolarization during overdrive (middle strip). In four experiments of this type, with the control overdrive there was an initial depolarization of 0.78 ± 0.3 followed by a hyperpolarization of 4.79 ± 1.6 mv. During the DNP drive, the initial depolarization was 1.74 ±1.1 and at the end of the drive, the maximum diastolic potential was 1.24 ± 0.7 below control. During recovery, the changes in maximum diastolic potential were similar to those recorded during the control run (-0.56 ±0.3 and +2.15 ± 1.1 mv, respectively). As specified above, the initial depolarization during overdrive was measured where it was largest and the late hyperpolarization was measured at the very end of overdrive.
OVERDRIVE AT DIFFERENT [K]o
In quiescent Purkinje fibers, the reduction of [K] o from 5.4 to "2.7 MM doubles the of overdrive at two different external potassium concentrations on membrane potentials. membrane resistance (2, 17) . On the other hand, changes in [Cl] 0 have little influence on relative membrane resistance at potentials near the resting potential (14). Thus, if the hyperpolarization is due to an electrogenic sodium extrusion, decreasing [K] o should increase the overdrive suppression, for the short-circuiting effect of K + will be lessened. This expectation requires that the activity of the ionic pump still increases on stimulation when [K] o is reduced from 5.4 to 2.7 MM. The point was tested as illustrated in Figure   10 . In the higher potassium solution (top strip), the preparation was driven at 30 impulses/min except during the 2-minute overdrive at 120 impulses/min. In the lower potassium solution (bottom strip), the fiber was spontaneously active except during the 2minute overdrive. A comparison of the two strips shows that the overdrive hyperpolarization was more pronounced at lower [K] o . The results obtained in five experiments at three different potassium concentrations are reported in Table 3 . during mM K, respectively. In the first experiment the seconds. Definitions as in Table 2 . and after drive in Tyrode's solution containing 2.7, 5.4 and 10.8 preparation was overdriven for 90 seconds instead of the usual 120 hyperpolarization decreased as [K] o was increased.
An alternative explanation could be proposed for the findings described above. The ionic pump could be neutral and the hyperpolarization could be brought about by a fall in [K] o outside the cell membrane. As the potassium concentration in the Tyrode solution is decreased, the hyperpolarization would then be more pronounced. If this were the case, the membrane conductance measured after overdrive should decrease. The membrane potential was displaced with anodal pulses of 100-msec duration before, during, and after overdrive. Membrane resistance during control and recovery was compared by measuring the amplitude of the displacement at the same potential level. In five experiments no changes in the membrane resistance were found.
Discussion
The results obtained suggest that the temporary suppression of spontaneous activity of Purkinje fibers following overdrive is caused by the activation of an electrogenic sodium pump. With short periods of overdrive, an increase in [K] o may contribute to the inhibition.
The interpretation offered above for the initial depolarization during overdrive was an accumulation of potassium ions outside the cell membrane. Alternative explanations will be considered here. It might be proposed, for Circulation •ch, Vol. XXVII. September 1970 example, that the depolarization is brought about by a change in potassium conductance related to the activity of the fibers. During the plateau, a potassium current is activated which has been separated into the two components i Xl and i X2 (24). Both these currents have a reversal potential positive to E K and there is a possibility that they might be responsible for overdrive depolarization. However, the slow current (i xo ) is unlikely to have much of a role in this regard, since this current is activated at voltages positive to the plateau and with a time constant of about 4 seconds. This is the reason why the x 2 channel is not activated during a normal action potential (25). The time constant for the opening of gate Xi is shorter (about 0.5 seconds) and the fast current i, is required for the repolarization of a normal action potential (25). But there are reasons which make uncertain that this current, too, should contribute to overdrive depolarization. In a spontaneously active fiber (like in the experiment illustrated in Fig. 1 ), I K2 is the most important current at potentials negative to -70 mv (24) and thus it should dominate the membrane potential. Also an X ! channel can cause a frequency-dependent depolarization only through the shortening of diastole and therefore a less complete deactivation. This shortening of diastole does occur at the very beginning of the overdrive while stimulus interval remains constant during overdrive. It seems doubtful that the full depolarizing effect would require as many as 30 action potentials (see Fig. 5 ).
It has been shown repeatedly that an acceleration of the heart rate causes an initial potassium loss (see 16, 19, 26) . This initial potassium loss may occur in Purkinje fibers if potassium efflux is larger during activity than at rest (27, 28) and the activity of the sodium pump of a preparation stimulated suddenly at higher rate attains a new steady state with a delay (18). There are two ways in which a loss of K can influence the membrane potential: (1) a decrease of [K]s; and (2) an increase of [K] o . The first possibility does not seem likely on the basis of the results of Sarnoff et al. (19) . These authors found that increasing the rate of the heart by about 50 beats/min for 1 to 2 minutes caused an estimated total loss of intracellular potassium of 0.18%. Assuming an intracellular K concentration of 150 MM, such a potassium loss would decrease EK by 0.05 mv over 1 to 2 minutes. It should be noted that the fall in Emas begins immediately on overdrive (Fig.  1 ). An accumulation of potassium outside the cell membrane might more easily explain the overdrive depolarization. Clefts have been described in Purkinje fibers by Sommer and Johnson (29) and potassium ions might possibly accumulate in these regions. Electrophysiological evidence also indicates that potassium ions effluxing during depolarization might accumulate in a restricted area (3) . The electrical measurements of Fozzard (30) are also compatible with the existence of surface membrane invaginations or clefts between cells. Findings similar to those illustrated in Figure 2 have been reported also for the nerve (31).
In dogs with complete atrioventricular block, a maximum increase in coronary plasma potassium from 2.81 to 3.26 mEq/liter (16) was found during the first minute of ventricular overdrive. Assuming an intracellular potassium concentration of 150 mEq/liter, an increase of [K] of this magnitude outside the membrane of Purkinje fibers would diminish the maximum diastolic potential by some 4 mv. The fall in E max found in the present experiments was usually lower, but a close agreement with the results in vivo would hardly be expected, since the differences between the two types of preparations are numerous. For example, the potassium concentration in the Tyrode solution was higher than that of coronary sinus plasma. Furthermore, the in-vivo preparation was subjected to mechanical load and contained ventricular muscle fibers. Also, the operation of an electrogenic pump would tend to reduce the fall in maximum diastolic potential during overdrive.
It is of interest that the time course of the potassium loss with overdrive in vivo parallels the changes in maximum diastolic potential in the sense that coronary potassium increases during the first minute of overdrive, but, as the drive is continued, coronary sinus potassium returns toward control value (16). An increase in [K] o is likely to explain also the following effects of short periods of stimulation of a previously quiescent fiber (Figs. 2 and 3): (1) the decrease of E mai-with each successive beat; (2) the larger decrease of E mnx the faster the rate; (3) the slow return of the potential to resting value after the short burst of activity; and (4) the progressive increase of E when the fiber was stimulated during the recovery. An accumulation of potassium would contribute to the third effect because the time constant of fall in the current responsible for diastolic depolarization increases as [K] increases (2) ; the activation of the sodium pump would contribute to and prolong this effect.
The finding illustrated in Figure 4 (bottom trace) might be explained on the same basis. Alternatively, the undershoot in Figure 4 might be explained by an open x channel. At a potential of -70 mv, the time constant of i deactivation is short (about 300 msec, Fig. 7 in ref. 24) and therefore, on this basis, it might account for the time course of the undershoot. However, the action potential in 10.8 HIM is fairly brief (<150 msec in Fig. 4 ) and it is doubtful whether the x channel will be significantly activated, since at a membrane potential around -10 mv the time constant of Circulation Research, Vol. XXVll, September 1970 the activation of the fast channel measured in 4 mM K Tyrode's solution is of the order of 600 msec (24). If the undershoot is brought about by an increase in potassium concentration outside the cell, the magnitude by which the concentration of potassium needs to rise to account for the finding may be estimated. At [K] o = 10.8 -rnM, E K and E m are quite close and an increase in potassium conductance would not be expected to have much of an effect on the potential level at the end of phase 3. However, if the increase in potassium conductance is brought about by an increase in [K] o , then the abrupt slowing of repolarization at the end of phase 3 would be accounted for. With the assumption that [K]i = 150 mEq/liter, the difference of 1.5 mv between the potential at the end of phase 3 and the resting potential would be compatible with an increase of [K] of about 0.6 mEq/liter. On a reduced scale, the finding is not much different from that described by Weidmann (32) in turtle heart. Weidmann found that an injection of highly concentrated K solution in the coronary system during an action potential shortened the plateau, but prevented the immediate attainment of the resting potential at the end of the action potential.
If the finding discussed above suggests an initial increase of [K] during overdrive, it is plain that this is not the only or even the major mechanism of overdrive inhibition. The basis for this statement is the fact that, beyond 1 minute of drive, maximum diastolic depolarization becomes larger than control and yet inhibition follows (Fig. 5 ). It might be proposed that the mechanism of overdrive suppression is a persistent increase in i. This is readily ruled out, for with short periods of overdrive (2.5 seconds in Fig. 1 ) E falls and yet inhibition follows. In addition, it is not apparent why it should take so long for this current to be activated during the drive and inactivated after the drive. The time constant of the fall in the current responsible for diastolic depolarization is of the order of 1.5^secondsin 2 : 7 mM K (2)j the suppression in Figure 5 lasted about 52 seconds. A fall in Circulation Research, Vol. XXVII, September 1970 [K]i would hardly cause hyperpolarization and suppression (17) and an increase in [K] f during overdrive would be rather unexpected for several obvious reasons. An increase in [Na] i would tend to reduce diastolic depolarization but would not bring about hyperpolarization. Changes in sodium conductance are also quite unlikely to play a role in overdrive suppression because sodium carriers are fully available as soon as repolarization is completed and because of the differences in the time constants of sodium carrier inactivation (33) and of overdrive suppression. As for calcium ions, they have little effect on the slope of diastolic depolarization (34) . Chloride ions also play little role as current carriers in the region of the resting potential (14). Furthermore, chloride ions are passively distributed and therefore, after a period of overdrive, Cl~ extrusion would accelerate, not suppress, pacemaker activity.
The mechanism suggested by the present results is that the enhanced activity of an electrogenic pump shifts the-intersection of the steady-state sodium current with the potassium current to a more negative potential. This means that, as the potassium current decays toward control value after the last driven action potential, a steady potential will be reached which will be negative to threshold. This reduction of (he net inward sodium current explains why overdrive suppression is characterized by a diastolic depolarization which exhibits little change initially and a marked flattening subsequently. The concept of an enhanced activity of an electrogenic pump as the cause of overdrive suppression is substantially supported by the lithium and dinitrophenol results. Lithium is poorly extruded from the cell (21, 22, 35) and dinitrophenol is known to block active extrusion of sodium (11). Thus, substituting sodium with lithium or poisoning the pump with dinitrophenol should abolish the hyperpolarization during overdrive; this was borne out by the experiments (Figs. 7 and 9 , respectively). Evidence for the electrogenicity of the sodium pump has been obtained in several tissues, including the heart. Deleze (36) recorded the resting potential of Purkinje fibers during rapid rewarming and found that his results could be accounted for by the activity of an electrogenic sodium pump. Similar conclusions were reached by Page and Storm (37) and Tamai and Kagiyama (38) who showed that on rewarming papillary muscles, E exceeded E. In nerve tissues, several investigators have demonstrated that the hyperpolarization associated with a train of impulses is caused by the activation of an electrogenic pump (see ref. 39 for references). Also, large hyperpolarizations were obtained by injecting sodium intracellularly (40) .
If a certain number of assumptions are made, certain considerations can be developed about the magnitude of the sodium current generated by the electrogenic pump in the present experiments. The average action potential amplitude of dog Purkinje fibers is 121 mv (15); if one assumes a membrane capacity of 12 /lit/cm 2 as for the Purkinje fibers of the sheep (41), the minimum sodium load during the overdrive shown in Figure 5 is 3717 picomoles/cm 2 . By determining the area between the threshold potential and potential line from the last driven action potential to the first spontaneous beat and taking the membrane resistance as 2000 ohms/cm 2 (2, 41) , the total sodium extruded electrogenically during overdrive suppression is 2970 picomoles/cm 2 . Even if the sodium influx in actuality is twice the minimum required, a sizable portion of the sodium ions is extruded electrogenically. No data are available on the extent to which the sodium current is short-circuited by Cl" or K+. Decreasing [K] o from 5.4 to 2.7 DIM doubles the resting membrane resistance of Purkinje fibers (2, 17) and therefore, on the basis of this factor alone, the hyperpolarization caused by the electrogenic sodium extrusion should be double in the lower K solution. In actuality, the hyperpolarization at the end of the overdrive was 1.66 mv in 5.4 DIM K and 2.20 mv in 2.7 mM K Tyrode's solution. The difference between the value expected and that found might be due to an enhancement of the pump activity in the higher potassium solution.
In the estimation of the sodium extrusion after overdrive suppression, the extrusion during the overdrive was not taken into consideration. However, there are no compelling reasons to assume that the extrusion of Na occurs only during the quiescence of the cell. On the contrary, the hyperpolarization during the drive directly suggests that the sodium extrusion begins during the fast activity. This is not unreasonable since the heart rate of sheep is 60 to 120 beats/min (42) and calculations show that a Purkinje fiber working at 100 beats/min must exchange all its intracellular sodium in 10 minutes or less (41); if no sodium extrusion occurred during activity, [Na]t would roughly double in that period. In nerve tissues during short tetanization only depolarization is seen but if stimulation is prolonged, hyperpolarization occurs during the fast drive (40, 43) .
That the hyperpolarization associated with overdrive is due to a decrease in [K] o brought about by an electroneutral sodium-potassium pump is unlikely for several reasons. A decrease in extracellular potassium would be expected to enhance diastolic depolarization and therefore to increase spontaneous discharge (17); instead, the drive was followed by a temporary suppression of automaticity. Also, membrane resistance should have increased, and it did not, in agreement with results obtained in other tissues (35, 40) . Finally, during prolonged overdrive the coronary sinus potassium returns to control value but it does not decrease below control (16). In nerve tissue, hyperpolarization after a period of fast stimulation is "present in the absence of external potassium (44) . In the present experiments, at higher [K], the short-circuiting effect of the potassium current reduced the hyperpolarization caused by the electrogenic sodium pump and this is in agreement with the findings in nerve (39) . It should also be noted that in nerve, when the external potassium is increased, the influx of this ion becomes mostly passive and it is little affected by DNP poisoning (11). If this occurs also in Purkinje fibers, there would be an additional factor to account for the diminished hyperpolarization in high potassium. Connelly (43) points out that in nerve, if the pump were electroneutral, during tetanization the membrane potential should be lower than control when potassium is lost by the nerve and be the same as control as a steady state is reached; instead, his experiments showed that the membrane potential, after the initial depolarization, increased above control value and remained hyperpolarized as long as the stimulation continued.
It might be asked whether the hyperpolarization is caused by a release of acetylcholine by the electrical stimulus. In fact, the overdrive suppression of atrial pacemakers has been found to be due to a release of acetylcholine (8). In Purkinje fibers a role of acetylcholine in overdrive suppression is less likely, although it cannot be ruled out completely. During short periods of overdrive there was no hyperpolarization and yet suppression followed the drive. Also, it is unlikely that an acetylcholine effect should require about 1 minute to become manifest. Acetylcholine might be expected to decrease membrane resistance but membrane resistance did not change. Maximal vagal stimulation never causes ventricular arrest in the presence of atrioventricular block (16); and acetylcholine has not been found to have an inhibitory action on Purkinje fibers (45) .
Some implications of the present results are clear. Under normal conditions the sinus node is the pacemaker of the heart. This is due to the fact that the sinus rate is faster than that of latent pacemakers; these pacemakers are, therefore, discharged before their diastolic depolarization can reach the threshold. The present results point out an inhibitory mechanism by which the emergence of latent pacemakers is made more difficult. The rate of discharge of the sinus node is roughly double that of the ventricles in complete atrioventricular block. This means that under normal circumstances the ventricular Purkinje fibers are continuously "overdriven" by the sinus node and, therefore, kept under inhibition.
Circulation Research, Vol. XXVII, September 1970 The mechanism of this inhibition is the following: Sinus-driven Purkinje fibers are subjected to a sodium load per unit time which is approximately double that of spontaneously firing Purkinje fibers. At this higher rate, the active sodium extrusion reduces the steady-state inward sodium current and thus shifts to more negative values the process of diastolic depolarization. An interesting consequence of this is that automaticity of Purkinje fibers becomes conditioned by metabolic factors, in the sense that the effect of the timedependent fall in potassium conductance can be modified by a frequency-activated electrogenie sodium pump. A sort of self-regulatory mechanism thus operates, whereby, as long as the sinus node is discharging, active sodium extrusion maintains diastolic depolarization of Purkinje fibers to a potential level, negative to threshold. When the activity of the sinus node is suddenly suppressed, e.g., by vagal stimulation, the electrogenic sodium extrusion will have to slow down during the ventricular standstill, thus allowing Purkinje fibers to depolarize to threshold and initiate the escape rhythm. Not surprisingly, the ventricular escape rhythm increases progressively to a steady value in a manner not unlike that seen in Figure 5 .
